Objective: We recently demonstrated that mild primary hyperparathyroidism (PHPT) is associated with increased carotid intima-media thickness (IMT) and stiffness, and increased aortic valve calcification. It is unclear whether parathyroidectomy (PTX) improves these abnormalities. The purpose of this study was to determine whether cardiovascular abnormalities in PHPT improve with PTX. Design: Forty-four patients with PHPT were studied using carotid ultrasound and transthoracic echocardiography before and after PTX. Carotid IMT, carotid plaque and stiffness, left ventricular mass index (LVMI), myocardial and valvular calcification, and diastolic function were measured before, 1-and 2-year post-PTX. Results: Two years after PTX, increased carotid stiffness tended to decline to the normal range (17%, PZ0.056) while elevated carotid IMT did not improve. Carotid plaque number and thickness, LVMI and cardiac calcifications did not change after PTX, while some measures of diastolic function (isovolumic relaxation time (IVRT) and tissue Doppler peak early diastolic velocity) worsened within the normal range. Indices did improve in patients with cardiovascular abnormalities at baseline. Increased carotid stiffness improved by 28% (PZ0.004), a decline likely to be of clinical significance. More limited improvements also occurred in elevated IMT (3%, PZ0.017) and abnormal IVRT (13%, P!0.05), a measure of diastolic dysfunction. Conclusions: In mild PHPT, PTX led to modest changes in some cardiovascular indices. Improvements were mainly evident in those with preexisting cardiovascular abnormalities, particularly elevated carotid stiffness. These findings are reassuring with regard to current international guidelines that do not include cardiovascular disease as a criterion for PTX.
Introduction
Classical primary hyperparathyroidism (PHPT), a symptomatic disease characterized by marked hypercalcemia, nephrolithiasis, and overt skeletal disease, was also associated with increased cardiovascular morbidity and mortality (1, 2) . Today, most patients are asymptomatic and have mild hypercalcemia that is often an incidental finding on routine biochemical testing (3) . Some studies of patients with the modern phenotype of PHPT have continued to report increased cardiovascular mortality, while others have not (4, 5) . There is evidence for subclinical cardiovascular disease in mild PHPT, but data on its extent and reversibility are too limited to provide a comprehensive characterization of these problems (6, 7) . After systematic review of the available literature, the Third International Workshop on PHPT in 2008 emphasized the need to determine whether there are 'significant reversible cardiovascular abnormalities' in mild PHPT as this could 'change the recommendations for parathyroidectomy' (PTX) and influence the cardiovascular health of patients with mild PHPT (8) . As many asymptomatic patients are monitored without surgical intervention, data regarding the impact of mild PHPT and its cure on cardiovascular health are particularly important to obtain (3) .
We have recently reported that patients with mild PHPT (serum calcium !3.0 mmol/l (!12 mg/dl)) have subclinical carotid vascular abnormalities and increased aortic valve calcification area but normal left ventricular mass index (LVMI) and cardiac function (6, 7, 9) . Carotid intima-media thickness (IMT) and plaque thickness (both measures of the burden of atherosclerosis) as well as carotid stiffness were elevated in those with PHPT compared with population-based normative data. There are limited data regarding regression of carotid IMT, plaque or stiffness after PTX in mild PHPT, and of clinical importance, none specific to PHPT patients with carotid disease present before surgery. Likewise, results from studies assessing changes in cardiac structure and function after PTX in mild PHPT are also sparse and conflicting (10, 11, 12, 13, 14, 15) . This investigation was designed to determine the effect of PTX on carotid and cardiac indices known to be associated with or predict cardiovascular outcomes (16, 17, 18, 19, 20, 21, 22, 23, 24) . The current study represents the prospective follow-up of those participants in our previous study who underwent PTX over a 2-year period (6, 7, 9) .
Materials and methods
PHPT patients were assessed pre-PTX and measures of cardiovascular structure and function were evaluated prospectively for 2 years following PTX. All participants gave written, informed consent. This study was approved by the Institutional Review Board of Columbia University Medical Center.
Subjects
The current cohort represents the 44 PHPT patients, enrolled in the parent study as described previously (6, 7) , who had curative PTX. Patients were between 45 and 75 years, had serum calcium O2.55 but !3.0 mmol/l (O10.2 but !12.0 mg/dl) and an elevated or inappropriately normal parathyroid hormone (PTH) level. Exclusion criteria included familial hypocalciuric hypercalcemia, thiazide-or lithiuminduced hyperparathyroidism, bisphosphonate use, and initiation of changes in cholesterol-lowering medications within 2 years of study entry. Lipidlowering medications were adjusted during the study if deemed necessary by each participant's primary doctor. History of cardiovascular risk factors (including race/ethnicity, coronary artery disease hypercholesterolemia, hypertension, diabetes mellitus, and cigarette smoking) was obtained as described (6, 7) .
Biochemical evaluation
Fasting serum was obtained for calcium, albumin, phosphorus, glucose, total cholesterol, HDL and triglycerides (measured by an automated analyzer). LDL was calculated (25) . PTH was measured by immunochemiluminometric assay for intact PTH (Scantibodies Laboratories, Santee, CA, USA; detects PTH(1-84) and PTH(7-84)). 25-Hydroxyvitamin D (25OHD) was measured by liquid chromatography/ tandem mass spectrometry (Mayo Clinic, Rochester, MN, USA). 1,25-Dihydroxyvitamin D (1,25-(OH) 2 D) was measured by RIA (Diasorin, Stillwater, MN, USA). Insulin was measured by RIA (Siemens Healthcare Diagnostics, Los Angeles, CA, USA). C-reactive protein, a biochemical marker of inflammation that reflects cardiovascular risk, was measured using a particle enhanced turbidimetric assay (Roche Diagnostics; reference range !47.6 nmol/l). The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated (26) to determine whether PTX improves insulin resistance, a known cardiovascular risk factor. Estimated glomerular filtration rate (GFR) was calculated using the Modification of Diet in Renal Disease equation (27) .
Carotid ultrasonography
High-resolution B-mode carotid ultrasound was performed using a GE LogIQ 700 system (GE Healthcare, Milwaukee, WI, USA) with a multifrequency 9/13 MHz transducer as described previously (6, 28) . The reliability of measures has previously been described (28) . Intraclass correlation coefficients for all indices are very high (0.94-0.96). Readings were performed by a single trained research sonologist. Carotid IMT was measured according to our Northern Manhattan Study (NOMAS) validated protocol (28, 29) as a composite measure of the near and far wall IMT of the common carotid artery (CCA), bifurcation, and internal carotid artery from both sides of the neck. IMT R0.9 mm was considered abnormal (threshold for increased cardiovascular risk in the Cardiovascular Health Study (21) ). Carotid plaque in any of the carotid artery segments (the CCA, bifurcation, and internal carotid artery) was defined as an area of focal wall thickening more than 50% greater than the surrounding wall thickness. Maximal carotid plaque thickness (MCPT) was measured by a single trained sonographer at the highest plaque prominence (Image-Pro V.5.2 software Microsoft Corporation). Carotid stiffness was measured in the 10 mm segment of the right CCA below the origin of the carotid bulb from at least five consecutive cardiac cycles on the B/M-mode imaging recordings (Image Pro software). The systolic (SD) and diastolic diameters (DD) were measured and the following calculations were made: carotid strainZ(SDKDD)/DD; and stiffnessZln (SBP/DBP)/strain. Higher stiffness indicates reduced arterial distensibility or compliance (abnormal: R6, the 75th percentile in the NOMAS cohort (nZ2000) for the study age range).
Transthoracic echocardiography
Transthoracic echocardiography was performed according to the guidelines of the American Society of Echocardiography (30) . LV diastolic dimension (LVDD), interventricular septal thickness (IVS), and posterior wall thickness (PWT) were measured. Left ventricular mass (LVM) was calculated as: 0.8 (1.04 (LVDDC  IVSCPWT) 3 )C0.6 (31) . LVMI was calculated as LVM divided by body surface area (abnormal: women O108 g/m 2 , men O131 g/m 2 (30) ). Transmitral diastolic flow by pulsed-wave Doppler and myocardial velocity by tissue Doppler were obtained from an apical four-chamber view using standardized techniques (32) , and the following were determined: peak velocities of the early (E wave) and late (A wave) phase of the mitral inflow pattern, and their ratio (E/A); deceleration time of E wave; isovolumic relaxation time (IVRT); and peak early (e 0 ) diastolic velocity of the lateral mitral annulus. Presence of calcification was assessed in the mitral annulus at the junction of the atrioventricular groove and the posterior or anterior mitral leaflet; the number of calcifications in left ventricular myocardium were evaluated using fundamental nonharmonic images in the apical four-chamber view at end-systole. In the aortic valve, a more sophisticated technique allowed measurement of calcification area for each aortic valve leaflet, and the sum of all leaflets were also measured by a single investigator as described previously (9) .
Statistical analysis
Participant characteristics and cardiovascular risk factors are described by number, percentages, or mean value GS.D. All carotid and echocardiographic outcomes were prespecified and no changes to the methods were made after study commencement, except for the addition of a new methodology for assessing aortic valve calcification area (9) . Changes in cardiovascular indices over time were assessed with linear mixed models for repeated measures. All models included a fixed effect for time and an autoregressive covariance structure for the within-subject autocorrelation between times. A compound symmetry structure was used for serum 25OHD. Results from linear mixed models are reported as model-estimated meansGS.E.M. and comparison of means at different times used the method of simultaneous 95% confidence intervals for the between-time difference. All 44 baseline participants who had PTX were included in the analysis regardless of follow-up: three patients were lost to follow-up at 12 months and an additional three patients were lost to follow-up at 24 months. Cardiovascular risk factors, serum calcium, PTH, and 25OHD did not differ between those who completed the study vs those who dropped out. Within linear mixed models, individuals lost to follow-up contribute partial information based on their available data. In order to ensure that we had not introduced bias by including individuals lost to follow-up in the analysis, we repeated the analysis limited to the 38 subjects on whom complete data were available. The direction and significance of results did not differ (data not shown). To account for changes in lipid-lowering medications, analyses were repeated excluding individuals who initiated or changed formulations of lipid-lowering medications. Pearson correlation was used to assess the association between continuous variables. We assessed correlations between biochemical variables that significantly changed over time (calcium, PTH, 25OHD, and glucose) and change in cardiovascular measures. Power calculations indicated that 40 participants were needed to detect a 10% change in cardiovascular structural and functional measures with 80% power and 5% type 1 error rate assuming a within-subject repeated measures ANCOVA analysis. Statistical analysis was performed using SAS version 9.2 (SAS Institute, Cary, NC, USA). A P value !0.05 was considered statistically significant.
Results

Clinical and biochemical data
Consistent with the diagnosis of PHPT, participants were predominantly female ( 97G33, normal 10-66 ng/l). Mean time elapsed from diagnosis of PHPT was 43G59 months. All participants were white and four were Hispanic. Cardiovascular risk factors at baseline are shown in Table 1 . Over one-third of patients had hypertension and hyperlipidemia, but blood pressure and cholesterol levels were wellcontrolled. Thirty percent were taking lipid-lowering medications and six participants had changes in cholesterol medications during the study (initiation (nZ2), discontinuation (nZ2), and dosage or formulation change (nZ2)).
Of the 44 patients, 28 (64%) met one or more of the 2002 NIH guidelines for PTX, while the rest chose to have surgery despite not meeting surgical guidelines. Criteria for PTX included: nephrolithiasis in nine patients (20%), serum calcium O0.25 mmol/l above upper limit of normal in five patients (11%), urinary calcium O10 mmol/24 h in seven patients (16%), osteoporosis at any site in 18 patients (41%), and age !50 years in two patients (5%). After PTX (Table 2) , serum calcium and PTH levels normalized and remained stable. 25OHD increased after PTX, while 1,25-(OHD) 2 levels were transiently lower at 1 but not at 2 years. Lipid levels did not change. BMI increased by 0.6G0.1 kg/m 2 at 1 year and remained above baseline (P!0.01 of 1 and 2 years). Fasting glucose decreased within the normal range, without an accompanying change in insulin or HOMA-IR. Estimated GFR declined at 1 year (PZ0.002) and remained below baseline at 2 years (PZ0.01). C-reactive protein increased within the normal range by 1 year (PZ0.01) and remained above baseline 2 years post-PTX (PZ0.006).
Carotid structure and function
Baseline blood pressure was normal and did not change over the 2-year follow-up period (Table 3) . Two carotid indices, carotid IMT and carotid stiffness, were abnormal at baseline. Although values decreased within the second postoperative year compared with 12-month values, at 2 years IMT was not significantly different from baseline. Carotid stiffness tended to decline by 17%, such that mean levels of carotid stiffness were within the normal range by 2 years (PZ0.056). Change in IMT and stiffness was not associated with baseline values or postoperative change in serum calcium, PTH, 25OHD, or glucose concentrations. Plaque number and maximal carotid plaque thickness were unchanged after PTX.
Cardiac structure and function
LVM and diastolic function were normal at baseline (Table 4) . LVMI and myocardial and mitral calcifications did not decline after PTX. Aortic valve calcification area increased by 5% at 1 year post-PTX and remained above baseline (P!0.01 for both) at 2 years. Some measures of diastolic function (IVRT and tissue Doppler e 0 ; Table 4 ) tended to worsen within the normal range, while others did not change (deceleration time and E/A). Changes in cardiac indices were not associated with baseline calcium, PTH, or 25OHD or with changes in these biochemistries postoperatively.
Post-PTX changes in those with baseline cardiovascular abnormalities
A prespecified analysis assessed the effect of PTX on cardiovascular indices in those with abnormal vs normal indices at baseline. The effect of time was different between those with abnormal vs normal IMT (PZ0.01) and IVRT (P!0.001) and tended to differ (PZ0.053) between those with abnormal vs normal carotid stiffness. The improvements in those with abnormal IMT, carotid stiffness, and IVRT (described below) were not associated with baseline values or change in levels of calcium, PTH, or 25OHD.
IMT was abnormal in 32 (73%) patients at baseline and improved by 3% at 2 years in this subgroup, though mean levels did not normalize (Fig. 1A, PZ0.017 ). This improvement persisted after excluding four individuals who initiated or changed formulations of lipid-lowering medications (PZ0.043). In contrast, IMT increased at 12 months (PZ0.003) in those with normal preoperative values but returned to baseline by 24-months (PZ0.29). In the 17 (39%) patients who had abnormal carotid stiffness at baseline (Fig. 1B) , mean stiffness declined by 28% at 2 years (PZ0.004). This improvement persisted after excluding those who initiated or changed formulations of lipid-lowering medications (PZ0.012). Stiffness normalized in 47% (nZ8) of participants who were abnormal at baseline. In contrast, there was no change over time in those with normal stiffness.
Diastolic dysfunction was uncommon. Mean IVRT normalized (declining 13%) in those with abnormal IVRT (nZ8, 18%), while those with normal IVRT at baseline increased within the normal range. Heart rate, which can influence IVRT, did not change in the group with abnormal IVRT (66G3 vs 70G4 bpm, PZ0.41). There were no changes compared with baseline in those with abnormal E/A (nZ11), tissue Doppler (nZ3), or LVMI (nZ6). Only one participant had abnormal DT.
After PTX, as in the whole cohort, glucose improved in those with abnormal IMT, stiffness, and IVRT, but the change in glucose did not correlate with observed changes in these indices. Neither blood pressure, estimated GFR, BMI, insulin nor HOMA-IR improved over time in the subgroups with abnormal IMT, stiffness, or IVRT.
Discussion
We have previously reported that mild PHPT is associated with carotid vascular abnormalities (increased IMT, plaque thickness, and vascular stiffness) and increased aortic valve calcification area, while other cardiac indices including LVMI and diastolic function are normal (6, 7, 9) . We now report that PTX did not ameliorate the structural cardiovascular abnormalities (carotid IMT, carotid plaque presence and thickness, and aortic valve calcification), while vascular compliance (carotid stiffness) tended to improve. As LVM and diastolic function were normal at baseline, improvement in these indices would not necessarily have been expected. In contrast, those with elevated carotid IMT, increased carotid stiffness and prolonged IVRT at baseline did improve after surgery.
There are limited data on the effect of PTX on the carotid vascular bed, the site where we found most abnormalities in mild PHPT and most changes after its cure. Two previous studies did not find improved IMT after surgery despite higher serum calcium levels (2.8 and 3.0 mmol/l), although these studies were likely underpowered (nZ27 and 20). In this study, the greatest effect of PTX was on carotid stiffness. The 17% improvement in the group as a whole (PZ0.056) was due to the impressive 28% improvement in those with increased vascular stiffness (PZ0.004). Increased arterial stiffness not only provides prognostic information regarding cardiovascular risk independent of traditional risk factors including age, sex, blood pressure, cholesterol, diabetes, and smoking (33) but also predicts cardiovascular death and stroke in community-dwelling middle-aged individuals in population-based studies (34, 35) . Though ours is the first study to address the effect of PTX on carotid stiffness, our findings are consistent with recent data from a small study (nZ17) demonstrating decreased aortic stiffness after PTX (36) . Improved arterial stiffness after PTX could reduce cardiovascular risk independently of changes in traditional risk factors. Renal failure patients who responded to medical therapy with decreasing aortic stiffness had a marked survival benefit compared with those without such a decrease (37) . Whether the improved vascular function after PTX translates into a reduction in cardiovascular events is unknown. Nor is the biological mechanism clear. Our group and others have reported that PTH levels were positively associated with carotid (6) and aortic stiffness (38, 39) . As chronic continuous PTH infusion results in vasoconstriction and hypertension (40, 41) , the PTH reduction after surgery might affect smooth muscle cell proliferation or function, resulting in reduced inflammation and improved vascular function. We did not find that baseline PTH or calcium, or changes in either measure predicted the postoperative decline in stiffness. The narrow range of biochemical abnormalities in this homogeneous study population or the relatively smaller size of this surgical cohort may have limited our ability to detect such an association.
We did not find improvements in cardiac indices after PTX. Several (10, 12, 13) but not all (11) previous studies on patients with more severe PHPT (mean calcium 2.78-3.0 mmol/l) reported regression of elevated mean LVM. In contrast, three studies assessing diastolic function found no improvement (10, 11, 12) . Recent investigations in mild PHPT (mean calcium 2.63-2.65 mmol/l) also found normal LVM and diastolic function at baseline and no change after surgery (14, 15) . Regression of cardiac and valvular calcifications has not been demonstrated in previous studies (10, 42) . Our finding that aortic valve calcification area, using a more sensitive measure, worsened after PTX is perhaps not surprising, as aortic valve calcification is thought to be an irreversible process once initiated (43) . Unfortunately, the design of our study does not allow us to determine whether the rate of progression of aortic valve calcification after PTX is lower than would be expected in PHPT patients folowed without surgery.
Although the number of affected patients was small, the improvements seen in those patients with cardiovascular abnormalities at baseline were of clinical interest. In mild PHPT, there is a precedent for observing the greatest post-PTX improvement in bone mineral density in those with the most abnormal skeletal findings (44, 45) . In this study, carotid IMT improved in those with increased baseline values, but the decrement was small (3%) relative to the 20-24% declines in IMT associated with HMG-CoA reductase inhibitors (which powerfully lower the risk of CV events) (46, 47, 48) . Ultimately, mean IMT still remained abnormal after PTX, and the small decline is unlikely to be of clinical relevance. Likewise, the clinical significance of the 13% improvement in IVRT is unclear for several reasons. First, both the incidence of abnormal IVRT and the extent of improvement were small. Secondly, and more importantly, both baseline and post-PTX values were within the normal range, and there was no consistent benefit across other indices of diastolic function. The small number of participants with abnormalities in these indices may have limited our ability to detect changes, but it further supports the conclusion that diastolic dysfunction is unlikely to be an important feature of PHPT.
While the changes in carotid IMT and IVRT are of uncertain clinical significance, the 28% decline in carotid stiffness in those with decreased vascular compliance before PTX is likely to be clinically meaningful. First, elevated carotid stiffness normalized in half of all patients. Secondly, the 28% decline compares favorably with reported improvements in carotid stiffness reported with cardiovascular risk reduction. These include an 18.8% decline in stiffness in response to a combination of a statin (fluvastatin) and an angiotensin receptor blocker (valsartan) (49); a 27% decline after 1 year of pravastatin in hypercholesterolemic patients (50, 51) ; and a 37% decline in a study of high-dose atorvastatin. Notably, the post-PTX decline in carotid stiffness observed in our patients was not associated with improved lipid status. Increased BMI and insulin resistance have been associated with PHPT in some investigations (52, 53) . A recent randomized study of PTX vs medical observation in mild PHPT found no improvement in BMI, glucose, insulin, markers of insulin resistance, or inflammation (54) . The small decline in fasting glucose within the normal range seen in our patients is of questionable clinical significance and was not accompanied by changes in insulin resistance or related to changes in IMT, stiffness, or IVRT. Other cardiovascular risk factors actually worsened after PTX (BMI and CRP increased and estimated GFR declined), effects that we suspect may be related to aging.
The absence of an association between postoperative cardiovascular changes and changes in serum calcium and/or PTH levels could suggest that an alternate mechanism underlies our findings. Vitamin D deficiency has recently been described as a cardiovascular risk factor and an inverse association between LVMI and 25OHD was seen in this cohort (7) . However, postoperative changes in cardiovascular indices were not associated with baseline 25OHD levels or change in 25OHD levels. The fact that only six subjects were frankly vitamin D deficient (25OHD !50 nmol/l) may have prevented us from detecting such an association. Additionally, while mean vitamin D levels increased to the normal range, likely due to postoperative calcium and vitamin D supplementation or liberalized intake thereafter, formal treatment with vitamin D was not a part of this investigation, and 36% of all patients and four of six vitamin D-deficient patients did not attain levels O75 nmol/l. A study assessing vitamin D treatment in patients with PHPT and concomitant vitamin D deficiency is necessary to adequately address whether vitamin D deficiency and its repletion affect cardiovascular health in PHPT.
Our study has a number of design limitations, foremost of which is the absence of a longitudinal control group. A randomized controlled trial of PTX vs no surgery would have been a superior design, but we were unable to enroll patients into such a study. Further, the size of the cohort precludes a subgroup analysis to address the issue of differing responses to surgery in those who meet vs those who do not meet criteria for surgery. We may have been limited in detecting improvements in cardiovascular indices due to worsening of other risk factors for atherosclerosis (BMI and CRP increased and GFR declined), although the magnitude of these changes was small. We also cannot rule out the possibility that longer follow-up may have revealed amelioration of structural abnormalities, which could take longer to improve compared with functional measures such as stiffness. Lastly, we cannot definitively attribute the improvement we observed to PTX rather than regression to the mean. Despite these limitations, this study has several notable strengths, including its prospective design, the long duration of follow-up, and the homogeneity of mild PHPT in the cohort. The availability of data on cardiovascular risk factors and 25OHD levels are also strengths. Finally, the broad assessment of cardiovascular structure and function allowed us to see differential effects of PHPT and PTX in different portions of the vascular tree.
In summary, the effect of PTX on subclinical cardiovascular disease in mild PHPT is modest, with a decline in carotid stiffness being the most prominent finding. Cardiovascular abnormalities in PHPT and post-PTX changes were localized primarily within the carotid vascular bed, and benefits of surgery were mostly limited to those with abnormalities at the time of diagnosis. These data provide direction for future research on the cardiovascular effects of PHPT, including the proclivity for affecting the carotid vascular bed, the mechanism of increased vascular stiffness, and the potential role of vitamin D deficiency in the cardiovascular consequences of PHPT. While the declines seen in those with increased carotid stiffness at baseline are impressive, the number of such patients was small, and do not warrant routine use of carotid ultrasonography in the evaluation of patients with PHPT. In conclusion, unlike the skeleton in PHPT, where surgery leads to significant and sustained improvements across skeletal sites, these data do not support a similar global effect on the cardiovascular system. These findings are reassuring with regard to current international guidelines that do not include cardiovascular disease as a criterion for PTX (55) .
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